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ABSTRACT
Two species of finfish, channel catfish (Ictalurus punctatus) and largemouth 
bass (Micropterus salmoides), were exposed to high substitution (70% C102) bleached 
kraft mill effluent (BKME) in experimental stream channels to evaluate induction of 
hepatic cytochrome P450IA. Enzyme levels and activities were measured for nine 
months during continuous exposure to different effluent concentrations and were 
subsequently examined after fish were removed from the experimental streams and 
placed in clean water. After an oxygen delignification pulping and bleaching process 
was incorporated into plant procedures, fish were again stocked in the stream 
channels and sampled after eleven months of exposure to determine effects of the new 
process on contaminant exposure as indicated by levels and activity of the enzyme.
During the original nine month exposure period, the fish were evenly divided 
into four experimental stream channels with effluent concentrations of (2)0%, 4%, 
and 8% by volume. Fish were sampled at Day 0 and after 26, 54, 110, 172, and 262 
days of exposure. On the final day of exposure, the remaining fish were placed in 
well water and monitored after effluent exposure had stopped. Some catfish were 
also kept in the 8% effluent stream (now supplied with only Neuse River water) to 
examine effects of previously exposed sediment on P450IA induction. Upon 
sampling, livers were immediately excised and frozen in liquid nitrogen for transport 
back to the laboratory. Total P450 was analyzed, P450IA induction was evaluated by 
Western blot using monoclonal antibody (MAb) 1-12-3 and by measurement of 
ethoxyresorufin O-deethylase (EROD) activity. Bass were again stocked in the 
experimental stream channels after the oxygen delignification system began operating 
and were sampled after eleven months to compare P450IA inducibility when exposed 
to the different effluent regimes. These bass were exposed to 0%, 4%, and 12% 
oxygen delignification effluent.
Hepatic P450IA in both species was significantly induced during exposure to 
both concentrations of BKME as compared to the control. Catfish hepatic EROD 
activities were increased up to 10-fold and immunochemically detectible P450IA was 
increased up to 28-fold in fish exposed to 8% effluent. Hepatic EROD activity and 
P450IA levels in bass exposed to 8 % effluent were increased as much as 5-fold and 
55-fold respectively. Hepatic EROD activity in catfish decreased to control values 
within 30 days of post-exposure while P450IA levels also decreased but remained 
significantly different from controls. Only P450IA levels in bass exposed to 12% 
oxygen delignification/BKME were significantly different from controls (4-fold 
induction).
RESPONSES OF CYTOCHROME P450IA IN FRESHWATER FISH EXPOSED TO 
PULP MILL EFFLUENTS IN EXPERIMENTAL STREAM CHANNELS
INTRODUCTION
In 1992, the United States pulp and paper industry produced 59,278,000 
metric tons of pulp. Approximately 75 cubic meters of water both from above 
ground and underground sources are used in the production of each metric ton of 
pulp. Usually, the effluents from pulp mills discharge into aquatic ecosystems. In 
the United States, with the exception of two mills with open ocean discharges, 
effluents from pulp mills receive primary treatment, to remove solids, and secondary 
treatment to facilitate bacterial degradation of organic compounds. Although, 
effluents are often considerably diluted after discharge into receiving water, numerous 
potentially toxic organic compounds have been identified in these discharges.
Toxicity of complex mixtures such as pulp mill effluents depends on the 
amount and type of compounds in the effluent, which in turn depends on the type of 
wood used, the pulping and bleaching processes, and the subsequent treatment of 
wastewater. To date, about 250 organic compounds have been identified in pulp mill 
effluent. However, these compounds comprise only a small percentage of the total 
organics and organohalides present (Suntio et al., 1988). Further, current bleaching 
processes used by pulp mills often produce chlorine substituted organic compounds. 
Organochlorines are known to be major toxic contributors in bleached pulp mill 
effluents (Leach and Thakore, 1977). Lipophilic chlorinated xenobiotics may pose a 
substantial threat to aquatic organisms because they are more persistent and have a
greater tendency to bioaccumulate than the more polar compounds. Chlorinated 
compounds found in bleached effluents often include chlorinated resin acids, fatty 
acids, guaiacols, catechols, terpenes, terpene alcohols, dibenzofurans, and dibenzo-p- 
dioxins (Oikari et al., 1985; Swanson et al., 1988; Fielder et al., 1990). Compounds 
of particular concern produced during pulp bleaching are 2 ,3 ,7 ,8-tetrachlorodibenzo- 
p-dioxin (TCDD) and 2 ,3 ,7 ,8-tetrachlorodibenzofuran (TCDF) (Swanson et al., 1988; 
Yamamoto, 1990; Rabert and Zeeman, 1992). Concern over these and other 
chlorinated organic compounds has prompted the pulp and paper industry to create 
new methods of bleaching pulp that effectively whiten the pulp while minimizing 
production of chlorinated compounds.
Early pulp bleaching processes have used elemental chlorine to remove lignin, 
the compound in wood that binds the cellulose fibers together and produces a brown 
coloration. Recently, the substitution of chlorine dioxide for elemental chlorine was 
found to bleach the pulp effectively while lessening the relative amount of chlorinated 
organic compounds produced in the bleaching process. Another method used to 
effectively decrease the amount of chlorinated organics is a process called oxygen 
delignification. This procedure whitens the pulp to the extent that lower amounts of 
elemental chlorine are required to bleach the pulp to the desired final whiteness.
While the pulp and paper industry is continuously trying to reduce the amount 
of toxic compounds released into the aquatic environment, it has also been involved in 
intensive efforts to identify possible effects of pulp mill effluents on aquatic organisms 
and to identify the specific constituents responsible for observed effects. This study
3
examines a pulp mill effluent known as Bleached Kraft Mill Effluent (BKME). The 
Kraft process is the most widely used process for producing quality pulp.
Identifying the effects of BKME has been challenging because of the multitude 
of compounds present in the effluent (Hutchins, 1979; Owens, 1991) and the 
complexity of aquatic ecosystems in general. While acute effects of treated BKME on 
aquatic organisms are relatively rare, numerous studies have described sublethal 
effects of effluents (Walden, 1976; Mather-Mihaich and DiGiulio, 1991). Evidence 
exists that chronic exposure to dilute effluents affects hormonal regulation, blood 
parameters, morphology, metabolism, growth, and reproduction of fishes (Stoner and 
Livingston, 1978; Sandstrom et al., 1988; Karas et al., 1991; McMaster et al., 1991; 
Munkittrick et al., 1991; Owens, 1991; Adams et al., 1992).
Because studies of higher order effects are difficult in complex ecosystems, 
various biochemical and physiological tests have recently been evaluated as early 
warning signals of toxicant exposure (Oikari et al., 1985; Mather-Mihaich and 
DiGiulio, 1991; Owens, 1991). These early warning signals or "biomarkers" 
(biochemical, physiological, immunological, or histological indicators of exposure to 
environmental alterations that have the potential for adverse impacts) are being used 
to determine the exposure of various toxic compounds to a wide range of aquatic 
species and to indicate the possible related sublethal effects. These biomarkers are 
advantageous because they exhibit a response at the biochemical level, are very 
sensitive, and can be detected before higher order effects occur. However, the 
relationship between the degree of response of these biomarkers and important
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population endpoints such as survival, growth and reproduction is unknown.
An important biomarker is cytochrome P450. Cytochromes P450 (P450s) are 
an family of xenobiotic metabolizing enzymes found in many organisms including 
fishes (Bums, 1976; Lee et al., 1981; Parke, 1981; Livingston et al., 1985; Black 
and Coon, 1987; Guengerich, 1988; Stegeman et al., 1988; Rattner et al., 1989). 
Metabolism of foreign compounds by P450s generally result in their increased water 
solubility, enhanced elimination, and reduced toxicity. However, there are numerous 
examples where metabolites produced by P450 are more toxic than the parent 
compounds (Parke, 1981; Guengerich and Leibler, 1985; Kappus, 1987; Buhler and 
Williams, 1988). In addition to catalyzing the biotransformation of foreign 
compounds, cytochrome P450s are involved in metabolism, synthesis, and elimination 
of endogenous compounds such as steroid hormones, cholesterol, fatty acids, bile 
acids, prostaglandins, and vitamins (Parke, 1981; Black and Coon, 1987; Guengerich, 
1988). The P450 gene superfamily has more than 150 members (27 gene families) 
and can be traced back to an ancestral gene more than two billion years old that 
evolved as a defense against naturally occurring toxins (Nebert et al. , 1989;
Stegeman, 1992). Cytochrome P450 got its name from the spectra seen when carbon 
monoxide (CO) acts as a ligand to the enzymes’ dithionite reduced heme group. 
Cytochromes are proteins involved in oxidation reduction reactions. The product is 
colored (hence P=pigment) with an absorbance peak at 450nm (hence 450). A 
common feature of P450 is that exposure to pollutants can result in the induction of 
specific forms. For example, exposure to polychlorinated biphenyls (PCBs),
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polycyclic aromatic hydrocarbons (PAHs), B-naphthoflavone (BNF), dibenzo-p- 
dioxins, and dibenzofurans results in the induction of P450IA in fishes and other 
vertebrates (Klotz et al., 1983; Williams and Buhler, 1984; Goksoyr, 1985).
Induction of P450IA is a receptor-mediated process involving the binding of a 
xenobiotic substrate to the aromatic hydrocarbon (Ah) receptor within the cell (Fig.
1.) (Tukey et al., 1982; Lorenzen and Okey, 1990; Hahn and Stegeman, 1992).
Once the receptor binds to the substrate, it is carried to the nucleus by a translocating 
protein, where it activates DNA causing increased transcription of the gene that codes 
for the P450IA isozyme (Nebert and Jones, 1989). Translation of the mRNA then 
produces the protein product. The receptor-inducer complex is involved in the 
activation of other genes in addition to CYP1A1 (the gene that codes for P450IA). 
Activation of this receptor, therefore, may affect the regulation of other enzymes so 
that they are also enhanced or disrupted. Binding of xenobiotics to the Ah receptor is 
not only involved in the induction of P450IA, it is also believed to be an integral step 
in the toxic responses caused by many compounds including TCDD (Landers and 
Bunce, 1991). TCDD-Ah receptor interactions, for example, have been shown to be 
involved in toxic action of the compound. TCDD’s effects on animals can include 
enzyme induction, wasting syndrome, immune response reductions, teratogenesis, 
reproductive failure, and death. Because mechanisms of effects must include binding 
of the inducer to the receptor and because P450IA induction is an indication of this 
binding, P450IA can be linked to higher order effects.
6
Figure 1. Ah receptor-mediated induction of P450IA.
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When P450IA is induced, specific catalytic activities, such as ethoxyresorufin 
O-deethylase (EROD) are also increased. Because EROD activity is specific for the 
P450IA isozyme, an increase in catalytic activity can often be used to determine 
P450IA induction and therefore exposure to inducing agents. In some cases, EROD 
induction can be inhibited, (possibly by tight binding inhibition or enzyme 
degradation) therefore, other methods of detecting P450IA should be used for 
verification. In recent years, antibodies to purified P450IA have also made 
immunodetection of this specific form of cytochrome P450 possible (Stegeman and 
Kloepper-Samms, 1987; Goksoyr and Larsen, 1991; Van Veld et al., 1992). 
Immunodetection is not affected by tight binding inhibition or enzyme degradation.
The induction of P450IA has been shown to be a reliable biomarker of 
exposure to a variety of environmental contaminants, including BKME, for several 
species of fish (Oikari et al., 1985; Lindstrom-Seppa and Oikari, 1990; Munkittrick et 
al., 1991; McMaster et al., 1991; Owens, 1991). P450IA induction is an early 
response to xenobiotic exposure and is sensitive to levels of contaminants found in 
the environment (Van Veld et al., 1990). Because of the effectiveness of P450IA as a 
biomarker of exposure, this enzyme may be used as a monitoring tool with fish 
exposed to pulp mill effluents. EROD activities have recently been used to determine 
the effectiveness of secondary treatment in ridding BKME of P450IA inducing 
compounds (Munkittrick et al., 1992) and to evaluate exposure of six different pulp 
bleaching processes on P450IA induction (Lehtinen et al., 1990). In the latter study, 
the authors attempted to use EROD induction to determine which bleaching method
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was most effective in decreasing the amount of P450IA inducing compounds present 
in the respective effluents by comparing relative EROD induction caused by effluent 
exposure.
The National Council of Air and Stream Improvement (NCASI) has established 
a site with four experimental stream channels adjacent to a pulp mill in North 
Carolina to study the effects of BKME on fish physiology, survival, growth and 
reproduction. Recently, they have expanded their studies to include enzyme 
induction. The experimental stream channels incorporate a hybrid of field and 
laboratory exposure studies. They provide a method of exposure that is similar to the 
natural habitat while providing experimental control. With these streams, 
experimental parameters such as effluent concentration and exposure time can be 
selected while the fish can move freely, feed on organisms living in the streams, and 
are not restricted to cages or aquaria. These stream channels also supply 
environmental conditions that cannot be readily duplicated in the laboratory such as 
sediment/water, sediment/biota, and predator/prey interactions as well as numerous 
interactions of various aquatic species found in the streams.
The purpose of the present study was to evaluate the feasibility of using 
P450IA induction as a biomarker of high substitution (70% C102) BKME exposure in 
fishes inhabiting experimental stream channels. Accordingly, temporal variations of 
P450IA in fishes exposed to pulp mill effluents in experimental stream channels were 
examined over a nine month period. Species differences in largemouth bass and 
channel catfish were examined and differences in biochemical responses due to
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different concentrations of effluent were determined. P450IA induction was 
quantified by measuring EROD activity and by immunodetection of the enzyme. 
During the nine month exposure period, hepatic enzyme induction was measured 
several times while fish were being exposed to BKME and were monitored after fish 
were placed in effluent-free well water. Enzyme induction data were compared with 
effluent dibenzo-p-dioxin and dibenzofuran concentrations to examine the temporal 
relationship between known P450IA inducing chemicals in the effluent and enzyme 
induction. Also, biomarker studies of fish exposed to the high substitution effluent 
before (70% chlorine dioxide substitution BKME) and after an oxygen delignification 
process was on-line (the effluents are hereafter referred to as BKME and 0 2D/BKME 
respectively) were compared to determine if the new pulping and bleaching process 
reduced P450IA inducing compounds in the effluent.
10
MATERIALS AND METHODS
STREAM DESIGN AND FISH STOCKS:
Four experimental stream channels are situated adjacent to the pulp mill and 
the Neuse River (Fig. 2.). Each stream channel is 110m long with an alternating 
system of seven pools 8m x 8m x lm (lxwxd) and six riffles 8.6m x 2m x 0.1m 
(lxwxd) with corresponding areas of slow and fast moving water. Each stream 
channel is continuously supplied with Neuse River water (17L/sec) pumped from an 
area upstream of the plant’s effluent discharge site. This flow rate provides for 
approximately 10 turnovers per day. Two streams serve as controls while two 
streams are supplied with 4% and 8% (v/v) BKME and later, 4% and 12% (v/v) 
0 2D/BKME. All effluent undergoes primary (settling in a clarifier), and secondary 
biological treatment (in an aeration stabilization basin (ASB)) before being added to 
the stream channels. Traps are located at the beginning and end of each stream to 
prevent organisms from entering or leaving the streams.
All streams are naturally colonized with endemic Neuse River species 
(primarily amphipods; Gammarus faciatus, and crayfish; Procambarus procambarus), 
and supplemented with golden shiners (Notemigonus crysoleucas) . Each stream 
channel was stocked with two species of hatchery-reared freshwater fish (largemouth
11
Figure 2. Schematic diagram of experimental stream channels located at the pulp mill. 
Each stream channel is approximately 110m long and is continuously supplied 
with Neuse River water at a rate of 17L/sec. Two of the stream channels 
also received various concentrations of pulp mill effluent pumped from the 
aeration stabilization basin.
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bass, Micropterus salmoides and channel catfish, Ictalurus punctatus). Both species 
are common freshwater fish found in the Southeastern United States.
SAMPLING:
Fish of both species were sampled on Day 0, before they were placed in the 
streams, and then collected with a seine net after 26, 54, 110, 172, and 262 days of 
exposure to BKME. Exposure began in October of 1990 and ended in July, 1991. 
Because of reduced numbers due to predation, bass were not collected on Days 110 
and 172. After 262 days, remaining bass and catfish were placed in well water free 
from effluent and were sampled after seven and 30 days post-exposure. Some catfish 
were also kept in the 8% effluent stream during the post-exposure period. At this 
time, however, the stream was only supplied with Neuse River water so that the 
effects of BKME exposed sediment and food sources on P450IA induction could be 
determined. Once this exposure period had ended and after the pulp mill had 
converted to oxygen delignification, bass were again stocked in the streams and 
sampled after eleven months of exposure to 4% and 12% oxygen delignification 
BKME. This exposure period began in January of 1992 and ended in November, 
1992. Between exposures, the streams were emptied and exposed sediment was 
removed. This was done so that cross contamination by the different effluents could 
be minimized.
After collection, individual fish were anesthetized with tricaine 
methanesulfonate (MS-222), weighed and measured (total length). They were 
immediately immersed in an ice cold 1.15% potassium chloride (KC1) bath and the
body cavities were opened, sex was determined, the livers were removed and rinsed 
with ice-cold KC1, and frozen in liquid nitrogen. Frozen tissues were 
transported back to the laboratory and placed in a -80° C freezer until they were 
analyzed.
MICROSOMAL PREPARATION:
Microsomal fractions were prepared as described by Van Veld et al. (1990). 
Tissues were kept ice-cold during preparation. Livers were thawed and homogenized 
in Buffer A (lOOmM potassium phosphate (KP), 20% glycerol, ImM dithiothreitol 
(DTT), ImM ethylenediaminetetraacetic acid (EDTA), and O.lmM phenylmethyl 
sulfonyl fluoride (PMSF)) with a Polytron tissue homogenizer (Brinkman Instruments, 
Westbury, NY). Homogenates were centrifuged (DuPont Sorvall RC-28S, 
Wilmington, DE) twice at 12,000xg for ten minutes. The 12,000xg supernatant was 
then centrifuged at 100,000xg for one hour to produce a microsomal pellet. The 
microsomes were dispersed and resuspended in Buffer A (without PMSF). 
MICROSOMAL PROTEIN:
Total microsomal protein was determined immediately after microsomal 
preparation using the method of Bradford (1976). Diluted microsomal protein was 
added to Bio-Rad Protein Assay reagent (Bio-Rad Inc., Richmond, CA) in a reaction 
cuvette and absorbance was measured at 595nm with a Gilford spectrophotometer 
(Ciba Coming, Medfield, MA) after ten minutes of incubation. Protein content was 
calculated against a standard curve, using bovine serum albumin (BSA) as the 
standard.
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TOTAL CYTOCHROME P450:
Total cytochrome P450 specific content was analyzed according to Stegeman et 
al. (1987) using a dithionite difference spectra. This assay was used in order to 
determine stability of the enzyme and to quantify total P450 in the sample. As a 
blank, 0.4mg protein* ml'1 microsomes was bubbled with carbon monoxide in a cuvette 
and scanned on the spectrophotometer from 400nm to 500nm. Sodium dithionite was 
then added to an identical reaction mixture and scanned from 400nm to 500nm. From 
the difference spectra, the height of the peak at 450nm was determined and the 
amount of total cytochrome P450 in the sample was calculated using the extinction 
coefficient of 9 ImM'1-cm'1. Specific contents were expressed as nmol P450*mg'1 
microsomal protein. Detectable peaks at 420nm signified heme displacement, 
enzymatic breakdown and a consequent loss in catalytic activity.
EROD ACTIVITIES:
EROD activities were determined spectrophotometrically as described 
previously (Klotz et al., 1984). Reaction mixtures consisted of 100/ng protein-ml'1 
microsomes, 2/uM 7-ethoxyresorufin (Molecular Probes, INC. Eugene, OR), 100/xM 
Tris HC1, lOOmM NaCl, and 0.5mM J3-nicotinamide adenine dinucleotide phosphate 
(NADPH) (Sigma Chemical Co., St. Louis, MO). Blanks consisted of the complete 
reaction mixture minus the NADPH. The absorbance of the sample was measured at 
572nm on a spectrophotometer and EROD activities were calculated using the 
extinction coefficient of resorufin of 73mM'1*cm'1. EROD activities were expressed 
as pmols resorufin produced* min'1* mg'1 microsomal protein. The practical limit of
15
detection for this assay in these studies was determined to be approximately 
30pmol- min'1 • mg'1.
IMMUNOBLOTTING TECHNIQUES:
Immunoblot ("Western" blot) was performed as described by Van Veld et al., 
(1990) using monoclonal antibody MAb 1-12-3 against P450IA from the marine fish 
scup (Stenotomus chrysops) (a generous gift from Dr. John Stegeman). Microsomal 
proteins were separated by size using sodium dodecyl sulphate polyacrylamide gel 
electrophoresis (SDS-PAGE). Proteins were then transferred to 20/xm nitrocellulose 
(NC) paper electrophoretically.
Blocking, or binding of the active sites in the membrane, was done with 
incubation in nonfat dry milk (5%) and tris-buffered saline (TBS) (20mM Tris-HCl 
pH 7.5 and 0.5M NaCl). The NC papers were then washed in solutions of TBS, TBS 
with 0.5% polyoxyethylene sorbitan monolaurate (tween-20), and TBS again. The 
papers were then incubated with MAb 1-12-3 (diluted in TBS/milk to produce 100/xg 
antibody ml'1) for one hour. The NC papers were washed again as previously 
described and then incubated with alkaline phosphatase-conjugated goat anti-mouse 
IgG (Bio-Rad Inc., Richmond, CA) as the secondary antibody for another hour. 
Finally, they were treated with color development buffer (0.1M sodium bicarbonate 
(NaHC03) and ImM magnesium chloride (MgCl2) pH 9.2, added to 5-bromo-4- 
chloro-3-indoyl phosphate in 70% dimethylformamide (DMF) and p-nitro blue 
tetrazolium chloride (NBT) in 100% DMF) (Bio-Rad Inc., Richmond, CA). Hepatic 
microsomal protein from spot (Leiostomus xanthurus) previously calibrated against
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purified P450IA (Klotz et al. , 1983) was used as a standard. Immunoblots were 
scanned using a dual-wavelength thin-layer chromato scanner (Shimadzu, Kyoto, 
Japan) and quantified by comparison of densitometric areas with those of microsomal 
protein previously calibrated against purified P450IA.
EFFLUENT CHEMISTRY:
All effluent chemistry analysis was performed by the NCASI West Coast 
Regional Center laboratory in Corvallis, OR under the guidance of Larry LeFleur. 
TCDD and TCDF congeners were quantified using methods previously described 
(NCASI Technical Bulletin no. 551, 1989). Aliquots of the pulp mill effluent were 
spiked with 13C12-2,3,7,8-TCDD and 13C12-2,3,7,8-TCDF and underwent a 95% 
ethanol Soxhlet extraction. Samples were then spiked with 37C14-1,2,3,4-TCDD as a 
purification recovery standard, to determine losses of compounds in the cleanup 
procedure. For purification, all samples were treated with an acid-base wash and 
dried. They were then subjected to two types of column chromatography (NaOH- 
silica:silica:H2S04-silica/acid alumina columns and charcoal/silica gel columns). All 
samples were then spiked with another recovery standard, 13C12-1,2,3,4-TCDD, and 
injected into a high resolution gas chromatograph/high resolution mass spectrometer 
(HRGC/HRMS), in the electron ionization mode, to perform selective ion monitoring. 
Quantification of the compounds was determined by comparison of the ratio of the 
integrated ion abundance of the M + and M + 2 + ions to their theoretical abundance 
ratio and peak signal to noise ratio of >2.5:1 for both ions.
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STATISTICS:
Statistical significance between groups of fish exposed to high substitution 
BKME was determined by a Kruskal-Wallis analysis of variance because of the non­
homogeneity of variances of the samples. Significantly different groups (p=0.05) 
were then determined by the Bonferroni test of multiple comparisons. Statistical 
significance (p=0.05) between treatments with fish exposed to 0 2D/BKME was 
determined with single treatment ANOVA.
18
RESULTS
Total cytochrome P450 spectra of all samples showed few peaks at 420nm 
signifying that the enzymes were stable and minimal degradation had occurred during 
preparation of the microsomes (Appendix). EROD activity, therefore, was not 
affected and is a valid method for measuring P450IA induction. A representative 
total cytochrome P450 spectrum is shown in Fig. 3.
Hepatic EROD and P450IA in largemouth bass and channel catfish were 
measured several times during the 262 day exposure period (Table 1). MAb 1-12-3, 
the monoclonal antibody to cytochrome P450IA, derived from scup (Stenotomus 
chrysops) liver recognized a single protein band (Mr approximately 54 kd) in hepatic 
microsomes from largemouth bass and channel catfish (Fig.4). Large temporal 
variations were observed in EROD activities and P450IA levels of fishes collected 
from streams receiving four percent and eight percent effluent, hereafter referred to as 
4% fish and 8% fish (Fig. 5 and 6). Temporal variations were much less apparent in 
fishes collected from control streams. No consistent difference in EROD activities 
were observed between 4% fish and 8% fish of either species, but P450IA levels 
were consistently higher in 8% fish than in 4% fish (with the exception of catfish on 
Day 54). On all sampling dates, EROD activities and P450IA levels in 4% and 8%
19
Figure 3. A representative total cytochrome P450 spectrum. Absorbance is measured 
from 400nm to 500nm and the height of the peak at 450nm determined.
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Figure 4. Western blot of liver microsomes from fish exposed to BKME and
0 2D/BKME. 1) control catfish; 2) 8% catfish; 3) control bass; 4) 8% bass; 5) 
12% 0 2D/BKME bass; 6-9) 0.12, 0.39, and 0.78pmol scup P450IA1 
standards.
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0 0
Figure 5. Liver EROD activity and P450IA levels in bass exposed to BKME. Data 
points represent means with one standard deviation. (n=4 or 5 for samples 
collected on Days 0, 26 and 54 of exposure and n=-12 for samples collected 
on Day 262)
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Figure 6. Liver EROD activity and P450IA levels in catfish exposed to BKME. Data 
points represent means with one standard deviation. (n=4 or 5 for all samples 
collected on Days 0, 26, 54, 110, and 172 of exposure and n =  12 for all 
samples collected on Day 262)
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fish were consistently higher (2-10 fold and 4-55-fold respectively) than those in 
control fish.
Although bass were not sampled as often as catfish and comparisons cannot be 
made for all time points, relative EROD activity and P450IA profiles were very 
different between the two species. In bass, highest levels of EROD and largest fold 
induction (5.0-fold) relative to control were observed on Day 54 of exposure and 
decreased significantly by the last day of exposure. In catfish, highest levels of 
induction (10.0-fold) were observed at the end of the exposure, on Day 262. There 
appear to be species differences in basal levels of P450IA or its response to the 
inducing agent(s) present in the effluent. Levels of P450IA in control largemouth 
bass and channel catfish averaged 2 and 14 pmol-mg'1 respectively for all samples. 
Levels of P450IA in bass and catfish from 8% streams averaged 61 and 554 
pmol-mg1, respectively.
The relationship between EROD and P450IA is illustrated in Fig. 7. 
Correlation coefficients between EROD and P450IA were R2=0.612 and R2=0.889 
for bass and catfish respectively. From Fig. 7 it is also apparent that the turnover 
number (nmols resorufin produced-min^-pmol'1 P450IA) is greater in bass than in 
catfish and could reflect the differences in relative activity of the isozymes.
Species differences in P450IA and EROD were also apparent in fish that were 
removed from BKME exposure and placed in clean well water. Bass EROD activities 
appeared to have increased after one week of being kept in well water, but decreased 
again after 30 days in well water (Fig. 8). (Missing data points are a result of the
24
Figure 7. Hepatic EROD activities plotted against P450IA levels in bass and catfish 
exposed to BKME.
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lack of available fish.) P450IA levels in bass exposed to 8% effluent appeared to 
increase after seven days of being kept in clean well water and then decreased after 
30 days, just as EROD activities did. Enzyme levels in bass exposed to 4% effluent, 
however, decreased after only seven days of depuration (Fig. 8). Catfish EROD 
activity decreased significantly after seven days of maintenance in well water and 
remained at control levels until Day 30 (Fig. 9). EROD activities in catfish kept in 
the stream that previously received 8% effluent (supplied with Neuse River water 
only) also decreased significantly after seven days and remained at control levels 
through the 30 days of the experiment. P450IA levels in 4% and 8% catfish also 
decreased significantly after seven days of well water exposure and remained low 
after 30 days. These did not, however, return to control values, as EROD activities 
did (Fig. 9). P450IA levels in catfish kept in the stream with sediments that had been 
exposed to 8% BKME also decreased dramatically after seven days of depuration.
EROD activities were higher in bass exposed to 4% and 12% 0 2D/BKME 
compared to controls, but the values were not significantly different (p=0.05) (Fig. 
10). However, in fish exposed to 12% 0 2D/BKME, P450IA values did differ 
significantly (p=0.05) from P450IA values of control fish. The correlation 
coefficient between EROD activity and P450IA levels in bass from this experiment 
was R2= 0.993. There was a trend towards lower P450IA and EROD in female vs. 
male fish (Fig. 11), however, the significance could not be determined because of the 
small sample size.
26
Figure 8. Bass liver EROD activity and levels of fish during the post-exposure
period. All data points represent means with one standard deviation. (n=12 for 
samples collected on Day 0 of post-exposure and n= 5  for all other samples)
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Figure 9. Catfish liver EROD activity and P450IA levels during the post exposure 
period. (n=12 for samples collected on Day 0 of depuration and n= 5  for all 
other samples)
28
CATFISH LIVER EROD AND P450IA
DURING POST-EXPOSURE
600
500
2  400
O  3 0 0 -
CL
Q  2 0 0 -
QC
LU
100
---
20 25 30
o
0.8
o
jg 0.6
<
5  0 4LO
^ r
CL n o
25 3015 200 5 10
DAYS OF POST-EXPOSURE
+ r -  CONTROL 4% EFFL 8% EFFL - e -  8 % -S E D
Figure 10. Bass liver EROD activities and P450IA levels in fish exposed to
0 2D/BKME. Bars represent means plus one standard deviation. (n=7 for 
samples collected from 0% and 12% effluent and n= 5  for fish collected from 
4% effluent)
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EFFLUENT CHEMISTRY:
Effluent concentrations of chlorinated dibenzo-p-dioxins and chlorinated 
dibenzofurans during the exposure to the high substitution effluent are illustrated in 
Fig. 12. Concentrations of dibenzo-p-dioxins and dibenzofurans varied widely during 
the 262 day exposure period. There was no pattern of increasing or decreasing 
concentrations throughout the experiment until all compounds fell below the detection 
limit midway through the exposure period. Because mill procedures were not 
changed during this time, the decrease in dibenzo-p-dioxin and dibenzofuran 
concentration cannot be explained by differences in plant operations. 2,3,7,8-TCDD, 
1,3,6,8-TCDD, 1,3,7,9-TCDD, 2,3,7,8-TCDF, and 2 ,3 ,6 ,8-TCDF concentrations 
were highest during the first 170 days of exposure but were not detected after this 
period (except for low concentrations of 1,3,6,8-TCDD detected during the last two 
weeks). Of these five compounds, 2,3,7,8-TCDF was found in the highest 
concentrations (maximum 84 pgT 1 on Day 70).
30
Figure 11. Sex differences in bass liver EROD activity and P450IA levels in fish 
exposed to 0 2D/BKME.
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Figure 12. Chlorinated dibenzo-p-dioxins and chlorinated dibenzofurans detected in 
the pulp mill effluents.
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DISCUSSION
In this study, we have documented the sustained induction of hepatic P450IA 
levels in largemouth bass and channel catfish in experimental stream channels 
receiving BKME. During the time course of this study, large temporal variations 
were observed. A number of factors could have contributed to this variation 
including: 1) effluent chemistry; 2) sex differences and hormonal fluctuations; and 3) 
seasonal variation, such as water temperature, oxygen concentration, and feeding 
levels.
Effluent components such as polychlorinated dibenzodioxins (PCDDs) and 
polychlorinated dibenzofurans (PCDFs) fluctuated during the experiment and therefore 
might have been responsible for temporal variations in P450IA induction seen in both 
species. Although TCDDs and TCDFs can be found in BKME (Amendola et al. , 
1989; Yamamoto, 1990) and are very strong inducers of P450IA, it is unlikely that 
highly chlorinated PCDDs and PCDFs were solely or even primarily responsible for 
P450IA induction in the present study. Chemical data from the present study showed 
that concentrations of several congeners of PCDDs and PCDFs in the effluent were 
below the detection limit for the last fifteen weeks of BKME exposure (Fig. 12).
Fish, therefore, were not apparently exposed to detectable aqueous concentrations of 
these compounds during that period.
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The availability of sediment-associated dibenzofurans and dibenzo-p-dioxins, 
however, must be considered. It has been shown that sediment-sorbed PCDDs can 
become bioavailable to organisms in the water column (Parsons, 1992). EROD 
activity was increased in carp exposed to sediment contaminated with various PCDDs 
and PCDFs (van der Weiden et al., 1989). van der Weiden’s study indicates that 
PCDDs and PCDFs absorbed onto sediment are biologically available and responsible 
for EROD induction and that enzyme induction in fishes may be useful in predicting 
sediment toxicity due to PCDD and PCDF contamination. The bioavailability of 
these compounds is also dependent upon seasonal influences such as temperature and 
oxygen concentration. In this study, P450IA induction in catfish remaining in the 8% 
stream after the effluent had been turned off paralleled that of catfish removed 
completely from the streams. This implies that factors affecting P450IA induction in 
catfish are not related to the composition of sediments in the stream channels.
PCDDs and PCDFs have been shown to cause a sustained increase in EROD 
activity after exposure has commenced. Evidence from a study in which rainbow 
trout (Onchorhynchus mykiss) received a single intra-peritoneal (IP) injection of 
2,3,7,8-TCDD showed that doses exceeding 1 ^g/kg produced a sustained high 
EROD activity after twelve weeks of depuration (van der Weiden et al. , 1990) and 
that doses as low as 0.3 jug/kg continued to affect EROD activity after three weeks of 
exposure (van der Weiden et al., 1992). A similar result was shown with 2,3,4,7,8- 
PCDF in rainbow trout after 180 days of depuration (Muir et al., 1990;Muir et al., 
1992) and in scup (Stenotomus chrysops) (Hahn et al., 1989). In the current study,
34
catfish P450IA levels and EROD activities decreased significantly and quickly after 
removal from the effluent-treated streams. Also, the concentrations of 2,3,7,8-TCDD 
were approximately 0.002 \xg-kg'1 in the whole catfish and 2,3,7,8-TCDF only 
reached 0.001 /xg-kg1 (Borton, personal communication). Although PCDDs and 
PCDFs are the only known inducers of P450IA found in BKME, it is possible that 
most, if not all enzyme induction in the fish was not due to PCDD or PCDF 
congeners because sustained induction in catfish was not observed, indicating that 
induction of catfish P450IA was probably due to unknown compounds found in 
BKME that can be rapidly cleared by fish. Further evidence for this comes from a 
similar study in which Munkittrick et al. (1992) showed that P450IA induction was 
not related to sediment contamination with BKME related persistent compounds and 
that P450IA induction rapidly decreased after a BKME mill shutdown. Compounds 
responsible for P450IA induction in this study are still unknown.
Sexual differences in P450IA induction and the variability of the numbers of 
fishes of each sex taken within samples (Appendix), may have accounted for some of 
the temporal variation. Sex differences in xenobiotic metabolism are especially 
significant during pre-spawning and spawning periods when P450IA levels in females 
are often much lower than those in males, although enzyme activities in both sexes 
are decreased during that time (Koivusaari et al., 1981; Lindstrom-Seppa, 1985; 
Forlin and Haux, 1989; Andersson and Forlin, 1992; Larsen et al., 1992). Decreases 
in EROD activities in females at these times are often paralleled with an increase in 
the concentration of the hormone 178-estradiol that is related to maturation and
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spawning activities. It is now believed that sex hormones may play a role in 
regulating cytochrome P450. Although all fish in this study were juveniles and too 
young to spawn, fish sampled on Day 262 of exposure to BKME and after eleven 
months of exposure to 0 2D/BKME did have mature gonads. Hormonal regulation 
involved in gonadal maturation in fish can be responsible for differences in xenobiotic 
metabolism at various times of the year, as well as for differences in metabolism 
between the sexes. Although there was no significant difference in P450IA induction 
between the two sexes within groups of fish exposed to the BKME (results not 
shown), there seemed to be a trend towards higher EROD activity and P450IA levels 
in males exposed to 0 2D/BKME than in females exposed to the same effluent 
(Hg. 11).
Seasonal variation has been shown to be a major factor in determining 
biochemical responses of fish to aquatic pollutants (Stegeman, 1979;Forlin et al., 
1984;Koivusaari and Andersson, 1984;Munkittrick et al., 1991;Larsen et al. , 1992). 
Seasonal changes such as water temperature, oxygen concentration, and feeding levels 
can alter an organism’s biotransformation mechanisms as well as the bioavailability of 
different compounds. Increased temperatures may actually increase the concentration 
of available xenobiotics in the water column by increasing desorption of sediment- 
associated contaminants or could increase concentrations of contaminants found in the 
food chain as well as the amount of food taken in. Temperature has also been shown 
to alter the physiological response of organisms exposed to xenobiotics. For example, 
a six-fold difference in EROD activity was seen in fish that were acclimated at
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different temperatures; (26°C and 4°C, with higher enzyme activity occurring at 
higher temperatures) when they were both given a dose of 10/xg/g benzo-a-pyrene 
(Jimenez et al., 1990). Oxygen concentration in the water also affects metabolic 
enzyme activities in fish, in that it regulates the amount of water (and therefore water 
borne contaminants) that must be passed over the gills in order for the fish to extract 
sufficient oxygen.
In addition to temporal variation, species differences were also observed. 
Although bass were not collected as often as catfish (less bass were available due to 
losses by predation or other unknown causes), corresponding data points seem to 
indicate variances in responses to pulp mill effluent exposure. When catfish exhibited 
their highest fold-induction (Day 262), induction in bass from control and treated 
streams was not significant. There was also a deviation in the response of enzyme 
levels in the two species after being placed in clean water. Ankley and Blazer, (1988) 
suggested that differences such as these may be influenced by diverse metabolic 
capacities of the MFO enzyme system between the two species, different routes of 
exposure due to variations in feeding habits, and the differential availability of certain 
inducing compounds due to separate behavioral patterns. Species differences in 
EROD activity at the same site have been reported in other studies involving exposure 
to BKME (Lindstrom-Seppa and Oikari, 1990; Munkittrick et al. , 1992) and have 
been attributed to separate feeding behaviors or variations in mobility of the fish in 
the field. In this study, differences in mobility can be ruled out as a possible cause of 
differential induction because of the use of experimental stream channels. These two
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species of fish, however, do have diverse feeding behaviors that may contribute to the 
contrast in induction patterns by differentially regulating the availability of various 
compounds found in the stream channels.
A difference between the species could also be seen in the post-exposure data. 
In catfish, EROD activity and P450IA induction were highest in fish from the 8% 
effluent stream sampled on the last day of exposure (Day 262). However, these 
levels decreased significantly after seven days of exposure to well water free from 
effluent. This seems to indicate that catfish can either readily metabolize and/or 
eliminate the xenobiotics present in BKME that are responsible for P450IA induction, 
or that inducing compounds become stored and are not readily available for 
metabolism. In the case of catfish, therefore, it is likely that either induction was 
dependent upon the highly variable composition of the effluent and that data points 
reflect enzyme levels produced by unknown inducing compounds found in the effluent 
in the days preceding the sampling date or that induction is delayed by differential 
availability of xenobiotics. Although numerous data exist regarding the sustained 
induction of P450IA in fish exposed to BKME constituents, such as TCDD and 
PCDF, once exposure has ceased (Hahn et a l.y 1989; van der Weiden et al., 1990; 
Muir et al., 1992), very little data are available on responses of P450IA in fish 
removed from whole effluent exposure. Munkittrick et al. (1992) observed a rapid 
decrease in P450IA levels in long-nose sucker after a pulp mill shutdown, signifying 
that cessation of BKME exposure caused P450IA levels to return to control values. 
Catfish that were placed in Neuse River water after exposure, but were still exposed
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to sediment from the 8% stream, also had greatly decreased enzyme levels after one 
week of maintenance in well water. This result indicates that the compound(s) 
responsible for induction are either; a) not being associated with the sediment or 
resident food sources; b) are not readily biologically available once associated; or c) 
are very rapidly depurated.
Post-exposure control values were not available for comparison in bass, but 
there appeared to be an increase in EROD activities and P450IA levels after seven 
days of depuration. Because the increase was not significant, however, no conclusion 
can be reached about the possibility of inhibition of induction of P450IA by 
compounds present in the effluent during exposure.
Variations in the results were also seen as a function of the method used to 
measure P450IA induction. Immunodetection and EROD produced very similar 
results, although immunodetectable P450IA nearly always demonstrated a dose 
response and seemed to be more sensitive. Although the correlation coefficient 
between EROD activity and P450IA concentration is often greater than R2=0.9 
(Kloepper-Samms and Stegeman, 1989; Van Veld et al., 1990; van der Weiden et ah, 
1992; Ronis et al., 1992), immunochemical response has been shown to be a more 
sensitive indicator of exposure to pollutants (Goksoyr et al., 1988; Larsen et al.,
1992) including pulp mill effluents (Van Veld, personal communication). In this 
study, EROD activities in fish from the two treatment streams were never 
significantly different from each other, whereas, P450IA levels nearly always 
exhibited a significant difference between the two treatments during exposure.
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Although EROD activity and P450IA levels in BKME treated and control fish 
were consistently significantly different, survival, production, and growth rates were 
not adversely affected by BKME exposure (Borton, personal communication). These 
higher order effects, therefore, cannot be related to P450IA induction in this study. 
The number of channel catfish surviving in the 8% stream, however, was significantly 
higher than that in the 4% and control streams. BKME may have allowed greater 
survival rates in the high treatment stream because of avoidance or because the 
increased color reduced light penetration, thereby decreasing predation. Other as yet 
unknown factors may also have been involved.
Substitution of oxygen delignification for the chlorine based process may 
decrease the amount of P450IA inducing chemicals released into the environment.
The fish exposed to 0 2D/BKME were not sampled during spawning, so decreased 
induction was probably not due to hormonal factors. Because of the highly variable 
nature of P450IA induction over time, a definite conclusion cannot be reached. It is 
promising, however, that although EROD activity and P450IA levels in fish exposed 
to 0 2D/BKME were elevated, only P450IA levels in fish exposed to 12% effluent 
were significantly different from controls.
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CONCLUSIONS
Fish exposed to sublethal concentrations of BKME in experimental stream 
channels exhibit P450IA induction. P450IA induction, as seen by EROD activity and 
enzyme level increase, can be observed in exposed largemouth bass and channel 
catfish throughout the year although the amount of induction fluctuates. In catfish, 
P450IA induction seems to be related to compound(s) that are rapidly cleared and not 
strongly responding to TCDDs or TCDFs in the water column or associated with the 
sediment. In both species of fish, more data are needed in order to identify specific 
agents responsible for P450IA induction. P450IA induction could not be related to 
higher order effects such as growth rates and survival numbers in this study. There 
are many variables responsible for P450IA induction in fish including species 
differences, gonadal maturation, sex, and feeding behaviors; all of which must be 
taken into consideration when implementing biomarker research. Changes in the 
effluent due to the installed oxygen delignification process may have had an effect on 
decreasing the amount of P450IA inducing chemicals released into the environment, 
but no definite conclusion can be reached because of the small amount of data at this 
time.
The use of experimental stream channels proved to be a very useful method of 
exposing fish to BKME providing for both a natural habitat and control over
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experimental parameters. They were instrumental in conducting a long term dose 
response study with fish subjected to minimal environmental stress. Fish in the 
streams were, however, subject to natural predation. The streams removed or greatly 
reduced variables that would influence the experimental outcome, such as fish 
mobility, diet, age of the fish tested, and differences in exposure due to variances in 
water flow in different seasons. The streams also provided experimental conditions 
that cannot be duplicated in the laboratory such as food web effects, sediment/water, 
and sediment/biota interactions; all of which are important considerations when "real 
world" systems are being studied.
Sampling strategies must be reconsidered in future work. This study suggests 
that the one sample per year strategy that has been used by some investigators, is not 
sufficient in order to understand biochemical responses of fish exposed to pulp mill 
effluent, even if samples are taken at the same time of the year. Finally, this work 
could be considered a preliminary study to evaluate the potential use of long term 
research in determining the effectiveness of improved technology in reducing 
exposure levels of P450IA inducing compounds.
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FUTURE RESEARCH
The results of this study have brought up a number of interesting questions 
that should be addressed to understand the effects of BKME on the aquatic ecosystem. 
Continuing studies are necessary to identify the specific P450IA inducing compounds 
in BKME. More detailed sediment, tissue, and water chemistry measurements should 
be taken to correlate P450IA induction and the compounds actually present. 
Monitoring studies should be continued, but fish should be sampled often to get 
sufficient data for proper comparison studies. Species differences in BKME 
metabolism should also be examined further. Identification and characterization of 
the mechanisms responsible for variations in P450IA induction between species should 
be extremely useful in future biomarker research.
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APPENDIX
SEX DETERMINATION OF SAMPLED FISH 
BKME EXPOSURE
DAYS OF EXPOSURE SEX
BASS CATFISH
0% 4% 8% 0% 4% 8%
M 0 1
0 F 0 1
ND 4 2
M 0 0 0 0
26 F 0 0 0 0
ND 5 5 5 5
M 3 0 4 0 0 0
54 F 2 2 1 0 0 0
ND 0 3 0 5 5 5
M 0 0 0
110 F 0 0 0
ND 5 5 5
M 0 0 0
172 F 0 0 0
ND 5 5 5
M 0 6 5 6 4 8
262 F 8 6 3 1 6 1
ND 4 0 4 5 2 3
M 2 2 3 4 4
r F 3 2 1 1 1
ND 0 0 1 0 0
M 2 5 4 5
30* F 3 0 1 0
ND 0 0 0 0
0% 4% 12%
FISH EXPOSED TO M 1 1 2
o 2d /b k m e F 6 4 5
ND 0 0 0
ND = SEX NOT DETERMINED DUE TO IMMATURE GONADS 
* FISH SAMPLED DURING THE POST-EXPOSURE PERIOD
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